Chromosome replication in the asymmetrically dividing bacteria Caulobacter crescentus is discontinuous with the new, motile swarmer cell undergoing an obligatory presynthetic gap period (GI period) of 60 min before the initiation of DNA synthesis and stalk formation. To examine the regulation of the cell division cycle at the molecular level, we have cloned the DNA chain elongation gene dnaC from a genomic DNA library constructed in cosmid vector pLAFR1-7. To ensure that the cloned sequence corresponded to dnaC, we isolated the gene by genetic complementation of the temperature-sensitive allele dnaC303 on a DNA fragment that contained a Tn5 insertion element tightly linked by transduction to dnaC. The size of the dnaC gene was estimated to be 1,500 bp or less based on the pattern of complementation by subcloned restriction and BAL 31 deletion fragments. Nuclease S1 assays were used to map the transcription start site and to determine the pattern of dnaC expression in the cell cycle. Large amounts of the dnaC transcript began to accumulate only in the late GI period of the swarmer cell and then peaked early during chromosome replication. We confirmed that the gene is periodically transcribed by monitoring the rate of 0-galactosidase synthesis directed by a dnaC promoter-lacZ fusion in a synchronous cell culture. dnaC is the first C. crescentus cell cycle gene whose regulation has been reported, and the discontinuous pattern of its expression suggests that the DNA synthetic period in these dimorphic bacteria is regulated in part by the stage-specific expression of DNA replication genes.
Caulobalcter c rescentus is an asymmetrically dividing bacterium which produces two different cell types, a motile swarmer cell and a nonmotile stalked cell, at division. The two cells inherit different developmental programs, and this difference is reflected in the patterns of their DNA synthesis (4) . DNA synthesis is initiated in the stalked cell immediately after cell division and continues for 90 min (S period) in minimal medium; this DNA synthetic period is followed by a 30-min postsynthetic gap (G2 period). DNA synthesis in the swarmer cell, on the other hand, is delayed for ca. 60 min. During this presynthetic gap (G1 period) the cell loses its flagellum, forms a stalk, and initiates chromosome replication. The new stalked cell then undergoes the same S-G2 periods described above for the sibling stalked cell (4) .
Conditional mutants defective in DNA replication have been identified among temperature-sensitive cell division cycle (cdc) mutants of C. crescentus that grow and divide normally at 30'C and form filamentous cells at 370C (nonpermissive temperature [29] ). Mutations were classified originally as being defective in either DNA synthesis (dna) or cell division (dill). Strains with mutations in the DNA chain initiation gene dnaA and DNA chain elongation genes dnaB, dnaC, and dnaD were all defective in DNA synthesis at 370C. Strains with mutations in cell division were shown to undergo DNA synthesis normally at the nonpermissive temperature (30) . This set of conditional mutations was used in reciprocal shift experiments to demonstrate that the cell cycle steps are organized into two dependent pathways, a DNA synthetic pathway and a cell division pathway (21, 30) .
Chromosome replication is a central event in the C. crescentus cell cycle. It controls steps required for both initiation and completion of the cell division pathway (30) , as well as the periodic expression of flagellar genes in the cell cycle (33) and formation of the polar DNA bacteriophage receptors (12) . Therefore, the timing of cell cycle and developmental events at one level appears to require the activity of DNA synthetic genes. To begin to address the question of how the activity of cdc genes is controlled in these developing bacteria, we have cloned a DNA chain elongation gene from C. crescentus and examined its regulation.
We describe here the use of genetic complementation to identify dnaC in a genomic library of C. crescentus DNA constructed in cosmid vector pLAFR1-7 (J. Kitajewsky and A. Newton, unpublished data). The location of the transcription start site was mapped, and the accumulation of dnaC mRNA in synchronous cell cultures was measured by using nuclease S1 assays. The results of these and similar experiments in which promoter activity was measured in a dnaCplacZ fusion showed that dnaC is transiently expressed at the end of the G1 period in swarmer cells and at the beginning of the S period. The discontinuous expression of dnaC suggests that the DNA synthetic cycle in C. crescentus is regulated in part by the stage-specific expression of genes required for DNA replication.
MATERIALS AND METHODS
Media and cell growth. Cells were grown routinely in M2 medium or PYE medium supplemented when necessary with kanamycin (150 pFg/ml in M2 and 50 ptg/ml in PYE) or tetracycline (2 pLg/ml) (27) . Escherichia coli strains were grown in ML medium (27) (28) have described a recombination-deficient allele of C. crescentus rec-526 that confers a sensitivity to UV light and deficiency in Weigle reactivation similar to that of recA alleles in Escherichia coli. We isolated the TnS insertion zbe: :TnS, which is 75% linked to rec-526, from orgy 4)(TnS) as described above. Lysates prepared on strain PC7070 (Table 1) were used to transfer the rec mutation to strain PC7159 carrying the dnaC303 allele.
Cloning vectors and construction of a cosmid library. Vectors used for the initial cloning and complementation studies were all derivatives of pRK290 (5) . Cosmid vector pLAFR1-7 was constructed (Kitajewsky and Newton, unpublished) by inserting the polylinker from pUC7 (36) into the EcoRI site of pLAFRl (9) . This vector can accommodate approximately 20 kb of insert DNA when packaged in vitro and, like its parent plasmid, pRK290, can be transferred to and replicates stably in C. crescentus cells (27) . Plasmid pRK2L1 was constructed by cloning the polylinker from pUC18 at the EcoRI site of pRK290 (20) .
A genomic library was constructed in cosmid vector pLAFR1-7 by partially digesting DNA from strain PC6035 with serially diluted MboI to give a maximum yield of 20-to 40-kb DNA fragments, which were then ligated to the BamHI site of the vector and packaged in vitro (11) . Cosmid clones were transfected in E. coli HB101 (2) and screened as described in Results.
Subcloning of BAL 31 deletion fragments and complementation tests. The 3.3-kb BglII-BamHI fragment (see Fig. 4) containing the dnaC+ gene subcloned in pUC18 (37) Fig. 2C ), which contains the dnaC promoter, was first cloned into pUC18 to place the KpnI site at the 5' end and the XbaI site at the 3' end of the fragment. The resulting KpnI-XbaI fragment was then cloned in promoter fusion vector pANZ5 (N. Ohta, L.-S. Chen, D. A. Mullin, and A. Newton, submitted for publication) to obtain plasmid pANZ421 with dnaCp-lacZ fusion.
Nuclease S1 assay. RNA isolation and nuclease S1 assays were performed as described previously (26) . Hybridizations were performed at 60°C. Partially protected fragments were visualized by electrophoresis on a 5% polyacrylamide-8 M urea gel and exposure to X-ray film. each supernatant fraction was divided into two parts. One part was incubated for 3 h with monoclonal anti-,3-galactosidase antibody (Promega Corp.), and the second part was incubated for 3 h with polyclonal immunoglobulin G raised against the 70-kDa hook protein (33) . Omnisorb cells were then added to each sample to precipitate the specific antigens. The 27-and 25-kDa flagellins were also detected in the assay with anti-hook protein immunoglobulin G, because components of flagellar filament associated with the hook structure are immunoprecipitated by the antibody. The procedures used to visualize labeled proteins by autoradiography have been described previously (33) .
RESULTS
Selection and mapping of Tn5 insertion linked to dnaC. Temperature-sensitive mutations were identified in the DNA chain initiation gene dnaA and DNA chain elongation genes dnaB, dnaC, and dnaD (29, 30) , and these genes were subsequently mapped on the C. crescentus chromosome by conjugation and transduction ( Fig. 1 ) (A. Newton, L. Kulick, and M. Bucuk, unpublished data). dnaC, which is linked by transduction to aroF ( Fig. 1) , was selected for cloning because the dnaC303 allele shows a particularly tight phenotype at 37°C and thus provides a good genetic background for the identification of complementing clones. To provide a selectable marker that could be used to enrich for the region of the chromosome containing this dna gene, TnS transposon zja-306::TnS, which is 90% linked to dnaC, was A pMA2 transformants were individually transferred to the dnaC B mutant strain PC7159 by triparental crosses (27) . The Kmr Tcr transconjugants were then screened for their ability to complement the dnaC allele for growth and cell division at 370C. Three cosmids, pMA2, pMA3, and pMA11, which complemented the mutation, and pMA4, which did not, were 5 to) used for further studies. None of the clones complemented 9 c other cell cycle mutations in DNA replication genes dnaA 9-3 < (PC2076), dnaB (PC1042), and dnaD (PC2153) ( Table 2 ), all of which are unlinked to dnaC (Fig. 1) (Table 2 ).
Physical mapping of dnaC clones. The DNA inserts from cosmid clones pMA2, pMA3, and pMA11 were subjected to restriction analysis and analyzed for overlapping sequences. Although some rearrangement was apparent in the sequences flanking the Tn5 insertion on the left, the three complementing clones contained sequences with overlapping restriction fragments immediately to the right of the Tn5 element, which is shown for cosmid pMA2 ( Fig. 2A) Nuclease S1 mapping of the transcription start site of dnaC. Total RNA (100 pug) prepared from C. crescentus CB15 was used in each nuclease S1 protection assay at 60'C as described previously (26) . 32P-double-end-labeled probes were as follows: lanes 1 to 3, 900-bp fragment a (Fig. 2C) ; lanes 4 to 6, 480-bp fragment b (Fig. 2C) . Nuclease S1 was present in lanes 2, 3, 5, and 6. Lanes 1 and 4 contained probe alone; lanes 2 and 5 also contained CB15 RNA; lanes 3 and 6 contained no RNA. Lane 7 shows size standards indicated in bases. Arrowheads indicate the protected fragments.
9.2-kb HindIII and 3.8-kb BamHI fragments that are present in both genomic and cloned sequences and extend to the right of the insertion ( Fig. 2A and B) . The restriction map to the right of the TnS insertion was established by probing the genomic digests with the 9.2-kb HindIII fragment (Fig. 2A) . The 5.6-kb BamHI-BamHI and other fragments also present in the restriction map of pMA2 were detected by this Southern analysis (Fig. 3B) . Since the 9.2-kb probe contains one of the IS50 inverted repeat elements of TnS, it also hybridized to all fragments containing left-hand-side IS50 (Fig. 2) , including the 9.6-kb HindIII fragment, the 11-kb BamHI-EcoRI fragment, and the 15-kb BamHI fragment. These results revealed no detectable rearrangements in the approximately 10-kb sequence cloned to the right of the TnS insertion.
Subcloning and identification of dnaC by complementation. To locate dnaC in cosmid clone pMA2, the 9.2-kb HindIII(c)-HindIII(d) fragment ( Fig. 2A) was initially subcloned in plasmid vector pRK2L1 and shown to complement the dnaC303 allele in strain PC7159 (data not shown). We subsequently cloned the 5.6-kb BamHI(c)-BamHI(d) fragment in the same vector and showed that it also complemented strain PC7159 (Fig. 4) .
To define the minimum DNA sequence required for dnaC complementing activity a series of seven different restriction fragments were prepared from the 5.6-kb BamHI(c)-BamHI(d) fragment, subcloned in pRK2L1, and tested for complementation of dnaC303. The 6 . Cell cycle regulation of the dnaC transcript. RNA was isolated from a synchronous culture of the density variant C. crescentus CB15F at the times indicated. A 40-pg portion of RNA from each sample was used in the S1 nuclease assays and probed with double-end-labeled SmaI(a)-SmaI(b) fragment b (Fig. 2C) fragments of the gene. The shortest DNA fragment complementing dnaC303 in these initial experiments was the 3.3-kb BgIIII-BamHI(d) restriction fragment (Fig. 4) . The (Fig. 4) .
The restriction fragments were also examij tion of cell division at 370C in the rec' dn PC7159. Three fragments which did not shc tation in the rec mutant background gave r the rec' background (Fig. 4) Bucuk, unpublished data), indicated that cloned in pMA2 is in fact the dnaC get extragenic suppressor. This conclusion is s the recombination results discussed above (I Mapping of the dnaC transcription start si fragments spanning the Sstl(a)-PstI sequence ments a, b, and c) were used as probes protection assays to determine the transcript described previously (26) . The double-end SstI(a)-SstI(b) fragment (Fig. 2C, fragment (Fig. 2C ). This conclusion war probing with the double-end-labeled 48
SmaI(b) fragment (Fig. 2C, fragment b) , whic partially protected fragment of approximate tides (Fig. 5, lane 5) . The 840-bp SmaI(b) fragment c, did not give a partially protected not shown).
Cell cycle regulation of dnaC. To examine the regulation of dnaC in the cell cycle, we determined the levels of mRNA in synchronous cultures. Cells were taken from the culture at the times indicated (Fig. 6) , RNA was purified, and the level of the dnaC transcript was determined by a nuclease S1 assay with the 480-bp fragment (Fig. 2C, fragment b) as the labeled probe. The resulting autoradiogram (Fig. 6A) , which is quantified in Fig. 6B , and the pattern of DNA synthesis measured in the same culture (Fig. 6C) showed that the ---70--k D a mRNA accumulates in a stage-specific fashion in the cell cycle, rising from relatively low levels early in the G1 period to a maximum level early in the S period. The levels of the 27 -k l) a dnaC transcript then decrease sharply later in the S period.
The increase in the level of dnaC transcript observed late in 2) k 0 a the G2 period could reflect an increase in mRNA in the predivisional cells or in the stalked cells produced at the time of division. The same RNA samples were also probed with the 900-bp fragment (Fig. 2C, fragment a) . In this experiment fused to the IacZ the time of maximum synthesis was 10 to 15 min earlier than ulse-labeled with that observed with the 480-bp probe (data not shown); this ssed for immune difference is within the experimental variability inherent in ds. The same cell these assays, and the result confirms the early expression of ar protein synthethe dnaC mRNA synthesis in the cell cycle. )le at 105 min was Periodic expression of lacZ fused to the dnaC promoter. Cell flagellin; 25- (Fig. 7) . The same cell extracts were also iaC303 mutant, assayed for flagellar gene expression. Consistent with the )w complemenresults of S1 nuclease assays, the rate of the P-galactosidase ecombinants in synthesis was periodic, with the maximum rate occurring at the results with the beginning of the S period. The maximum rates of hook .2-kb EcoRI(b)-protein synthesis occurred after the mid-S period; this was Lnt backgrounds followed in sequence by synthesis of the 27-kDa flagellin and nust be located finally by the 25-kDa flagellin (Fig. 7) . Since the periodic expression of the three flagellar proteins late in the Cauloiuence comple-bacter cell cycle is well established (26, 33) , their assay in ::TnS, which is parallel with dnaC expression provides convincing evidence Kulick, and M. for the early transcription from the dnaC promoter.
the sequence ne and not an ;trengthened by Fig. 4) .
To investigate the control of the cell cycle and the reguite. Three DNA lation of the cdc genes during asymmetric cell division in C. e (Fig. 2C, frag- crescentus, we have cloned and analyzed the DNA chain in nuclease S1 elongation gene dnaC (29) . We report the use of complemention start site as tation assays to identify the gene in a genomic library and -labeled 900-bp subcloning experiments to delimit its maximum size to gave a partially approximately 1,500 bp. Measurements of gene expression leotides (Fig. 5 , in synchronous cell cultures by using nuclease S1 assays and e C. crescentus expression of the dnaC promoter fused to a lacZ reporter polylinker, we gene showed that dnaC is transiently expressed at the end of i is from left to the G1 period in swarmer cells and the beginning of the S to the left of the period ( Fig. 6 and 7) . Therefore, it seems probable that the s confirmed by periodic expression of dnaC is regulated transcriptionally ;0-bp SmaI(a)-and, as discussed below, that the discontinuous pattern of :h gave a longer dnaC expression accounts in part for the observed pattern of ely 260 (19, 20, 25) and the assay of promoter activity in transcription fusions support the idea that the flagellar genes are regulated at the level of transcription initiation (24, 38) . The present results now add one DNA replication gene to the set of cell-cycle-regulated genes in these bacteria, and it is tempting to speculate that dnaC will prove to be one of a larger set of cdc genes whose expression is under developmental regulation in the cell cycle.
Isolation of dnaC on a DNA fragment that contained a Kmr Tn5 insertion element tightly linked by transduction had two advantages. First, the initial selection of hybrid plasmids with the Tn5 insertion reduced the number of C. crescentus transconjugants that must be screened, and second, the genetically linked Tn5 element provided assurance that the DNA sequence cloned by complementation corresponds to the cell cycle gene and not to an unlinked suppressor locus. This conclusion was confirmed by physical mapping of TnS and flanking DNA sequences in the genome ( Fig. 2 and 3 (32) . Thus, cosmid pLAFR1-7 is generally useful cloning vector in C. crescentus.
An important feature of the complementation analysis of dnaC described here was the use of rec' and rec strains (Fig.  4) Fig. 4 show that dnaC303 is located within the EcoRI(c)-PstI(b) fragment. Therefore, the mutation is approximately 5.5 kb from the end of the TnS insertion (Fig. 2) , to which it is 90% linked by transduction.
There has been no information available on the cell cycle regulation of cdc gene expression in bacteria. DNA replication and cell division genes in C. crescentus, as shown previously for Saccharomyces cerevisiae (10) 1 ) and div genes in these bacteria to determine whether this is a common feature of cell cycle gene regulation.
